The case for marine reserves is strengthening, and both deterministic and stochastic calculations show that fisheries management using reserves may achieve harvests comparable with management without reserves. Thus, depending upon the metric used, reserves need not disadvantage harvest. Reserves provide a buffer that increases the chances of sustainability of the stock, and thus the fishery. In this paper, I develop methods (deterministic and stochastic) that allow one to determine how much habitat needs to be set aside as reserve, once societal decisions concerning the goals of reserves are made. The answer to the question:``how much habitat needs to be allocated to reserves'' is not a simple single number. Rather, it is a procedure that can be employed once biological, operational and social information are provided. The methods also apply to reserves used to aid stock recovery.
I N T R O D U C T I O N
As the case for marine reserves consolidates, a number of calculations (Dugan & Davis 1993; Auster & Shackell 1997; Gunderson 1997; Hart 1997; Horwood et al. 1998; Lauck et al. 1998; Mangel 1998 Mangel , 1999 Hastings & Botsford 1999; Sladek Nowliss & Roberts 1999) have shown that the yield from fisheries management using reserves can be as great (and sometimes greater) than the yield from fisheries management without reserves. Furthermore, reserves can help increase the likelihood of sustainability of the stock (and thus of the fishery; Mangel 1998) . Perhaps the most pressing outstanding question concerning marine reserves regards the fraction of habitat to be set aside as no-take (e.g. Carr & Reed 1993; Gubbary 1995; Shackell & Willison 1995; Bohnsack & Ault 1996; Mangel 1998; Hastings & Botsford 1999; Ward et al. 1999) . Here, I develop robust methods, both deterministic and stochastic, to answer that question.
M A T E R I A L S , M E T H O D S A N D R E S U L T S Deterministic theory
To begin, consider a deterministic situation where the stock grows logistically, in which there is no process uncertainty in the biological dynamics (cf. Hilborn & Mangel 1997) , fishing mortality can be controlled at a fraction u of the harvested stock, and fishing takes place before reproduction (this assumption is explained below). If there is no reserve, when N(t) is the stock size at the start of period t, r is the maximum per capita growth rate, and K the carrying capacity, the stock dynamics are
The use of a discrete logistic in Eqn 1 lumps age and spatial structure into a single summary variable, N(t). This simplification allows one to conduct analysis, rather than simulation. All computations are done in the nonchaotic region of parameter space for the discrete logistic; an alternative would be to use a Ricker function to characterize reproduction (cf. Mangel, 1999) . In the discussion, I consider the implications of this assumption on the results. From Eqn 1 it follows that the steady state population size is N K 1 À u 1 À u r 1 À u and the steady state catch C = uN. Figure 1 shows these for K = 80 and r = 0.5. There is a harvest fraction u * that maximizes steady state catch; here it is u * = 0.2. Were catch to take place after reproduction, the harvest fraction Ref marker  Fig marker  Table marker  Ref end   Ref start maximizing steady state catch would be r/2 = 0.25. Thus, assuming that catch takes place before reproduction is actually a precautionary approach, since it leads to lower harvest fractions. The harvest fraction at which population falls to 35% of carrying capacity (a commonly accepted boundary for a stock being depleted) is denoted by u d ; for the parameters here it is about 0.27.
When a fraction A of the habitat is zoned for reserve, the steady state population is (Mangel 1998 
The analysis (Mangel 1998) leading to Eqns 2 and 3 assumes that fish are accessible to the fishery or not in direct proportion to the fraction of habitat available to the fishery or in reserve. Thus, there is an implicit assumption of no behavioural or evolutionary responses of the fish to differential mortality in the fished and reserve areas. In recent work Lundberg & JonzÂ en (1999) explored the consequences of weakening this assumption. The present analysis differs from theirs, in which it is assumed that each habitat has its own level of reproduction. Here, reproduction takes place after fishing and stock from fished and unfished portions of the habitat are mixed at the time of reproduction.
Suppose that r and the maximum harvest u in the harvested zone are known and that one's goal is to keep the steady state population size at a fraction f of carrying capacity. For example, one might choose f = 0.2, 0.35 or 0.6. These roughly correspond to a minimum buffer for the population (20% of carrying capacity), a common notion of the boundary of stock depletion (35% of carrying capacity) and the lowest level of optimal sustainable population according to previous US legislation (60% of carrying capacity). To find the reserve fraction needed to achieve this specified level of sustainability f, set N/K = f and solve the resulting quadratic equation for 1 ± I. This solution is
(the positive root of the quadratic equation gives a nonbiological solution). Since I = u(1 ± A), the reserve fraction A(r, f, u) needed to maintain a stock with maximum per capita growth rate r at a fraction f of carrying capacity when the harvest fraction the fished zone is u is Ar; f; u 1 À I u 5
Eqns 4 and 5 thus provide a prescription, valid under the assumptions of the deterministic setting, for determining the reserve fraction. Given r (biological information), u (operational information) and f (social information), one determines 1 ± I from Eqn 4 and uses it in Eqn 5 to determine the fraction of habitat zoned as reserve to achieve the sustainability criterion that the steady state population size is a fraction f of carrying capacity.
As the harvest fraction increases, the predicted reserve fraction increases, larger values of f require larger reserves and populations with larger per capita growth rates r require smaller reserves, for the same harvest level (Fig. 2) .
Stochastic theory
Now allow the harvest fraction to be a random variable, so that Eqn 1 is replaced by
where U(t) is a random variable. For calculations, I will assume that U(t) follows a beta distribution so that the probability density associated with
where c n is a normalization constant and a and b are parameters. The cumulative distribution is denoted by F(u) and Pr{U(t)4u} = F(u). The beta distribution is a natural choice for harvest fraction, since it is constrained between 0 and 1 and it can also take a wide variety of shapes, ranging from``Gaussian-like'' to``bath-tub'' (Hilborn & Mangel 1997) . It is clear from Eqn 6 that variations in U(t) around a target level can be understood as process uncertainty Figure 1 The steady state population size and catch for a population growing according to Eqn 1.
causing mortality not accounted for by the logistic dynamics, catastrophes (Mangel & Tier 1993 , 1994 or as fishing effort being targeted but not fully controlled (the latter argument was used by Lauck et al. 1998) . However one wants to think of it, U(t) is additional, fluctuating mortality on the stock.
There are few published examples (Anonymous 1998 (Anonymous , 1999 of the actual distributions of U(t), but a recent one is provided by Patterson (1999, his Fig. 3 ) who evaluates the distribution of fishing mortality on herring Clupea harengus. Converting from fishing mortality to harvest fraction, Patterson's data have a mean harvest fraction 0.26 and coefficient of variation 21%.
When U(t) is a random variable, the required notion of persistence changes. Following Lauck et al. (1998) , I characterize persistence by the probability that the stock stays above a critical level n c for every year between t and a planning horizon T, given that N(t) = n and reserve fraction A: pn; t jA; n c PrfN s > n c for t s T; given that N t n and that the reserve fraction is Ag 8
This function satisfies the end condition p(n,T|A,n c ) = 1 if n 4 n c and p(n,T|A,n c ) = 0 otherwise (since at the final time the stock is either above or below the critical level) and the boundary condition that p(n c ,t|A,n c ) = 0 since in any year in which the stock falls to the critical level, failure occurs.
Finally, p(n,t|A,n c ) satisfies a dynamic iteration equation, determined as follows (Mangel 1985; Mangel & Clark 1988; Clark & Mangel 1999) . First, note that if N(t) = n and U(t) = u, then the stock after fishing but before reproduction is n a n;ujA An 1 À A1 À un so that the population size at the start of the next year under these conditions is n H n;ujA n a n;ujA rn a n;ujA 1 À n a n;ujA K 9
The persistence criterion at the new stock level 1 year later is p(n'(n,u|A),t + 1|A,n c ). However, since U(t) is a random variable, this criterion must be averaged over all values of u. Hence we obtain the iteration equation [with E u denoting averaging over the distribution on U(t)] pn;t jA;n c E u fpn H n;ujA; t 1jA; n c g 10
This equation is solved backwards in time, from t = T, where the value of the persistence criterion is known, until t = 1. The cumulative catch (or discounted version of the catch, if one so wished) can be computed in a similar manner. To do this, let C(n,t|A) denote the cumulative catch between year t and the start of year T, given reserve fraction A. Then C(n,T|A,n c ) = 0 and C n;t jA E u f1 À Aun C n H n;ujA; t 1jAg 1 À A un E u fC n H n;ujA; t 1jAg 11
The first term on the right hand side of Eqn 11 is the catch in year t, where u denotes the average value of U(t), and the second term is the expected future catch, given the #2000 Blackwell Science Ltd/CNRS Selecting marine reserves 17 Figure 2 The reserve fraction predicted using Eqns 4 and 5 with target sustainability levels of 20%, 35% or 60% of carrying capacity for maximum per capita growth rate (a) r = 0.1, (b) r = 0.5, (c) r = 1. The curves labelled 0.6 and 0.2 correspond to f equal to those values; f = 0.35 is the middle curve. The curves in all three panels are ordered in the same manner.
new stock size. As before, this term must be averaged over the distribution of the catch frequency. For computations, I consider two cases. For a stock with r = 0.5 in which exploitation begins at carrying capacity K = 80, I evaluate the probability of falling below 60% or 35% of carrying capacity over the planning horizon; these are p(K,1|A,0.6K ) and p(K,1|A,0.35K ), respectively. For a stock starting at the boundary of the depleted level of 35% of carrying capacity, I evaluate the probability of falling below 20% of carrying capacity, p(0.35K,1|A,0.2K ).
When U(t) varies, one needs to consider both the mean and coefficient of variation of U(t). I used distributions in which the mean u = u* = 0.20 or u = u d = 0.27 (with u * and u d described above) and the coefficient of variation of U(t) was 12.5%, 25% or 50% (Fig. 3) . The means are about 20% of comparable values (u * = 0.25 and u d = 0.325) for the case in which one assumes reproduction before harvest. I considered planning horizons of T = 20 or T = 100 years.
Figures 4 and 5 show results for 20 year (Fig. 4 ) or 100 year (Fig. 5) planning horizons when the coefficient of variation of U(t) is 50%. Larger reserve fractions increase the probability of persistence, regardless of the starting size of the stock, time horizon or specific criterion. However, the specific choices matter for the specifics of the conclusion. For example, when the stock is initially unfished, a reserve fraction of 10% guarantees persistence above 0.35K to be greater than 0.95 for a 20-year time horizon, but this fraction must be closer to 20% for a 100-year time horizon. If the stock is initially unfished, a reserve does not increase cumulative catch (Figs 4b, 5b) . On the other hand, if the stock is initially heavily fished (i.e. starts at 0.35K ), reserves of 20% or 30% guarantee a high level of persistence for 20 or 100 year time horizons and provide higher levels of cumulative catch than management with no reserve (Figs 4c, 5c ).
Figures 4 and 5 are based on one value of the coefficient of variation (50%). In Fig. 6, I show the minimum reserve fraction needed to achieve a specified level of sustainability, given the planning horizon and the choice of n c . The results lead inexorably to the conclusion that unless additional mortality can be tightly controlled, reserves are essential for sustainability.
Multispecies considerations
The theory developed here is for single species. Indeed there is little multispecies management (Mangel et al. 1996; Milner-Gulland & Mace 1998) . However, the approach developed here provides some guidance, based on the assumption that the model applies equally well to all species. Because of the focus on stocks relative to the carrying capacity, it is possible to rank species according to a single parameter, the maximum per capita reproductive rate. One can then envision an ensemble of species ranked according to r 1 5 r 2 5 r 3 , etc. where r i is the maximum per capita growth rate of the ith species. Given a reserve fraction, it is then possible to predict for each species the level of protection provided by the reserve. 
D I S C U S S I O N
As described in the Introduction, a major question concerning marine reserves is the percentage of habitat that needs to be set aside to achieve the goals. Even assuming that the goal is clearly defined to be``maximizing the sustainability of the stock'', the answer is not a simple one. Rather than a single, fixed percentage, the answer must be a procedure, such as the ones described in this paper. Thinking must be guided by the following considerations:
1 The sustainability criterion. In the deterministic theory, the sustainability criterion is the fraction f of the carrying capacity represented by the steady state population size. In the stochastic case, the sustainability criterion involves both the critical population size n c (or f = n c /K ) and the value for the probability of persistence. For example, in calculations I used 20%, 35% or 60% of carrying capacity at various times. Which of these should be chosen? The results in Fig. 6 are based on persistence probabilities of 0.99 or 0.999. A choice of 0.999 means that there is still 1 chance in 1000 that the system will not be sustainable. Is this too cautious? Is 0.99 too risky (Bernstein 1996)? Choosing the sustainability criterion is not a scientific decision. It is a societal decision. Once the target is specified, methodology such as the one developed in this paper can provide information about the likelihood of achieving the target. The separation of choice of target and computation associated with it needs to be made clear, if we are to have informed debate on reserves. The discussion should be iterative: specify a criterion, do the calculations and then evaluate the criterion in light of the results. 2 The planning horizon T. In the deterministic case, one can talk about steady states, but not so in the stochastic case. Once again, the choice of planning horizon is a societal decision after which analysis can describe the probability of persistence and expected catch as a function of reserve fraction.
Longer horizons will lead to more conservative plans (e.g. larger reserve fractions) but also to lower probabilities of success.
Longer planning horizons may also lead to a sense that decisions are made once and for all, thus foreclosing the ability of future generations to make choices (Mangel et al. 1996) . 3 What is``managed''. Fisheries management is still very much the management of human intervention in fish population dynamics. The deterministic theory shows that there is an invariant I = u(1 ± A); identical results are predicted for different values of u and A as long as the invariant is constant. This again squarely frames the societal question: one may attempt to manage fishing mortality closely (i.e., control u) or may attempt to protect and patrol the boundaries of the reserve (i.e., maintain A). In the stochastic case, the question is how well the coefficient of variation of U(t) can be controlled. Since almost all populations are subject to natural variation in mortality, even if fishing mortality could be completed controlled, U(t) would still be uncontrollable at some level.
The methods described in this paper are a conceptual tool, not an operational tool for implementation of marine reserves. As described earlier, the analysis rests on simplifying assumptions of no behavioural or evolutionary responses by the fish to the creation of the reserve, ignoring age structure (particularly that older fish are usually more fecund) and ignoring spatial aspects (by assuming a wellmixed system). It is unlikely that including any of these will change the main message of this paper: that the answer to the question``how much'' is implementation of a consistent, logical procedure rather than a fixed number. Clearly, issues relating to spawning and migration are critical to the successful implementation of marine reserve policies. But including these complications will not change the need to answer questions about the sustainability criterion, planning horizon or what is managed.
The same arguments apply to cases in which reserves are used to aid in the recovery of a stock. Instead of persistence, we define a success criterion as the probability that the stock crosses a recovery level n r within T years of starting at a depleted level n d . In analogy to the questions discussed above, we must ask what is the appropriate recovery level, what is an appropriate time horizon and what is an acceptable probability of recovery before a sensible process can be used to answer the question of how much habitat should be put into reserve.
The successful implementation of marine reserves requires a clear separation of scientific and social questions, so that informed discussion takes place about the issues that society must confront. The methods presented here help in our quest to provide such separation and in the successful design of marine reserves.
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